Abstract: BCL11B/CTIP2 zinc-finger transcription factor is expressed in various types of cells in many different tissues. This study showed that BCL11B is expressed in the nucleus of the outer hair cells of the mouse cochlea, degeneration of which is known to cause deafness and presbycusis or age-related hearing loss (AHL). We tested whether or not Bcl11b heterozygosity would affect AHL in mice. Analysis of auditory brainstem responses revealed AHL in Bcl11b +/-heterozygous, but not wild-type, mice, which was evident as early as 3 months after birth. Histological abnormalities were observed in the outer hair cells of the Bcl11b +/-mice at 6 months of age with hearing loss. These results suggest that the AHL observed in Bcl11b +/-mice is the result of impairment of the outer hair cells and that BCL11B activity is required for the maintenance of outer hair cells and normal hearing.
Introduction
BCL11B (B-cell leukemia/lymphoma 11b)/CTIP2 (COUP-TF interacting protein 2) belongs to the family of zinc-finger transcription factors and is expressed in various cell types in many different tissues, such as T cells, neuronal cells, ameloblasts in teeth and certain cell types in the skin [1, 9, 10, 31] . Although Bcl11b knockout mice die soon after birth, newborn mice show differentiation arrests of αβ T cells in the thymus [31] , malfunction of motor neurons [1] , developmental tooth defect [10] , and impairment of epidermal development [9] . On the other hand, Bcl11b +/-heterozygous mice appear normal but are susceptible to thymic lymphomas when they are subjected to gamma radiation [15] . In in vitro studies, selective inhibition of BCL11B in Jurkat cells leads to cell cycle arrest and apoptosis [12, 16] . These data suggest that BCL11B is involved in differentiation, cell proliferation and survival in different cell types. However, it is not known how BCL11B contributes to these phenotypes, though several target genes of Bcl11b have been demonstrated. These genes include cell cycle inhibitors, p21 CIP1 , p27 KIP1 and p57 KIP2 [4, 16, 28] , and a transcription factor, MSX2 [10] . Presbycusis or age-related hearing loss (AHL) is one of the most common chronic health problems of elderly individuals and adversely affects the quality of their lives. About a half of the population are affected by the -Original-age of 80 [11, 20, 21] . Presbycusis is multifactorial, combining genetic predispositions and the aging process with a plethora of lifetime insults to the auditory organ. One of the etiological classes of presbycusis is the sensory type that exhibits hair cell loss with subsequent neural degeneration [21, 24] . AHL accompanying hair cell loss is also found in mouse models of AHL. The C57BL/6(B6) strain is one such model, exhibiting degeneration of hair cells with potentially complete loss of hair cells by one year of age [24] . Hence, this model is used for the analysis of loss of hearing sensitivity and concomitant impairment of cells in the cochlea [18, 27] .
In a preliminary examination, we detected BCL11B expression in cells of the mouse cochlea. This prompted us to test whether or not impaired expression of BCL11B is associated with AHL. Here we describe BCL11B expression in outer hair cells, and AHL and morphological changes in the cochlea of Bcl11b +/-heterozygous mice.
Materials and Methods

Animals
Bcl11b +/-mice of the BALB/c background were bred as described previously [1, 5] . Backcrossing them to B6 mice for more than seven generations produced Bcl11b +/-mice with a B6 background. Mice used in this study were maintained under specific pathogen-free conditions in the animal colony of Niigata University. Genotyping of the mice was carried out by polymerase chain reaction as described previously [31] .
Auditory brainstem response analysis
Analysis of the auditory brainstem response (ABR) was performed to examine hearing activity as described previously [22] . In anesthetized mice placed in a closed acoustic room, stainless-steel electrode was inserted subcutaneously into the vertex (positive pole), retroauricular region (negative pole), and opposite retroauricular region (background) of each mouse. Individual hearing loss was quantified based upon the threshold shift between pre-and post-exposure ABR thresholds. As for noise-induced hearing loss, ABR thresholds were measured in mice at 2 months of age, as described previously [19] . The cage was positioned under a speaker so that the sound pressure within the cage varied by less than 2 dB sound pressure level (SPL) at 100 dB. The noise was a pure tone of 10 kHz frequency, the SPL was 100 dB, and the duration was for 1 h. The noise was calibrated before each exposure session.
Morphological analyses
Conventional histology, immunohistochemistry and scanning electron microscopy examinations were performed, as described previously [22, 31] . Six-month old mice were anesthetized and perfused with 2% paraformaldehyde and 2% glutaraldehyde in 0.15 M cacodylate. Cochleae were dissected, fixed in 4% paraformaldehyde overnight, and then decalcified in 5% EDTA/PBS for 2 weeks. The tissues or fixed newborn cochlear tissues were dehydrated, embedded in paraffin, sectioned (4 µm), and stained with hematoxylin and eosin or antibodies (rat anti-BCL11B/CTIP2 antibody (1:100, abcam ab18465). After washes with PBS, the sections were incubated with a secondary antibody, rat N-histofine-R Simple Stain MAX PO (Nichirei), for 1 h, then washed 3 times in PBS. BCL11B was visualized by development with DAB in 0.05 M TrisHCl (pH 7.6) with 0.02% v/v H 2 O 2 for 30 min. The sections were counterstained with hematoxylin. For scanning electron microscopy, mice were fixed through the heart with a buffer containing 0.9% saline, 2% glutaraldehyde and 0.1 M phosphate (pH 7.4). Immediately after perfusion, the cochleae were removed and immersed in the same fixative for more than four days at 4 o C. After decalcification for 4 h, they
were treated with 1% tannic acid solution for 3 h, washed in distilled water for 1 h, and immersed in 1% OsO 4 solution for 4 h at room temperature. The specimens were then dehydrated in a graded ethanol series, transferred to isoamyl-acetate, and critical point-dried using liquid CO 2 . The dried specimens were coated with platinum-palladium in an ion coater and examined on a Hitachi S2380N scanning electron microscopy at an acceleration voltage of 10 kV.
Statistical analysis
The unpaired t-test was used for statistical analysis. Differences were considered to be statistically significant when the P value was less than 0.05.
Results
BCL11B expression
We obtained Bcl11b -/-and Bcl11b +/+ newborn mice by crossing Bcl11b +/-heterozygous mice and immunohistochemically examined BCL11B expression in cells of the cochlea (Fig. 1A) . (Fig. 1B) .
Hearing function in heterozygous Bcl11b +/-mice
Outer hair cells are assumed to be the mechanical amplifi ers for sound sensitivity and frequency selectivity, and inner hair cells are assumed to be passive detectors of the amplifi ed vibratory signal [5] . We thus tested whether or not heterozygous deletion of Bcl11b affects hearing function by analyzing ABR, which is the evoked potential response of auditory activity in the auditory nerve and subsequent fi ber tracts and nuclei within the auditory brainstem pathways. Thresholds and amplitudes of ABRs provide information on the peripheral hearing status and the integrity of brainstem pathways [13] . ABRs to frequency-specifi c stimulation (f-ABR) were measured in Bcl11b +/-and Bcl11b +/+ mice (n=11) of B6 background over various frequency ranges at different months of age ( Fig. 2A) . Almost all wildtype B6 mice retained low ABR thresholds until 4 months of age; however, mice at 5 or 6 months of age showed some threshold elevations, consistent with previous studies [14, 32] . This progressive AHL in B6 mice is mainly due to their bearing the Cdh23 ahl and Ahl3 susceptible alleles on the chromosomes 10 and 17, respectively [14, 22, 23] . Most Bcl11b +/-mice showed signifi cant increases in ABR thresholds relative to Bcl11b +/+ mice at all ages though some still retained low thresholds. The average increases were 10-30 dB SPL at various frequencies ranging from 8 to 32 kHz ( Fig. 2A) . The hearing loss was detected in mice as early as 3 months of age at 16 and 20 kHz (P=0.038 and P=0.004, respectively).
Another independent experiment showed similar results (data not shown).
We also examined BALB/c mice (n=5) that are classifi ed as a normal hearing strain for AHL, despite carrying the Cdh23 ahl susceptible allele [23] . Figure 2B shows ABR thresholds at various frequency ranges in 9-month old mice. Low ABR thresholds were retained in Bcl11b
mice whereas a small increase of the ABR threshold was observed in Bcl11b +/-mice at 20 kHz but it was not marked at the other frequencies examined. This suggests that the effect of Bcl11b heterozygous deletion is small in BALB/c mice. 
Inner ear pathology in heterozygous Bcl11b
+/-mice To address whether or not the observed hearing loss in Bcl11b +/-mice was accompanied by morphological alterations, we examined the hair cells of the cochlea in 6-month old Bcl11b +/-mice with AHL by scanning electron microscopy. Loss of outer hair cells in the cochlea and impairment of stereocilia were evident in some of the mice (Fig. 3A) . Such abnormalities were not detected in Bcl11b +/+ mice. The number of spiral ganglion cells in the cochlea of Bcl11b +/-mice seemed to differ from those of their wild-type littermates though the difference was not marked (Fig. 3B ). Minimal differences were also observed in the stria vascularis of the cochlea (data not shown).
No difference in hearing loss after acoustic trauma
Our previous study showed that the inhibition of BCL11B in Jurkat cells and thymocytes in vitro increased apoptosis sensitivity to stimulation of cell proliferation by increasing the serum concentration and DNA damage by UV irradiation [16] . This suggests that BCL11B activity may be required for cell survival under pathological conditions. We thus examined changes in the ABR thresholds of 2-month-old B6 and BALB/c mice after noise exposure at 100 dB SPL for 60 min. Both strains exhibited signifi cant threshold increases to 50-60 dB SPL one day after noise exposure (Fig. 4) . In B6 mice this threshold shift was mostly retained at 7 and 14 days after noise exposure, and the shifts on different days did not differ between Bcl11b +/-and Bcl11b +/+ mice (Fig.   4A ). Also, no difference between the Bcl11b +/-and Bcl11b +/+ genotypes was observed in the threshold shift in BALB/c mice, though both had restored low ABR thresholds at 14 days after noise exposure (Fig. 4B) . These results suggest that the heterozygous deletion of Bcl11b does not affect cochlear vulnerability to noiseinduced hearing loss. 
Discussion
The results of this study show that BCL11B transcription factor is expressed in the cell nucleus of outer hair cells, but not inner hair cells, of the mouse cochlea and that the heterozygous deletion of Bcl11b leads to a progressive age-related hearing loss, which was evident in mice as young as 3 months of age. Loss of outer hair cells was observed in the Bcl11b +/-mice with hearing loss at 6 months after birth. These results suggest that the AHL observed in Bcl11b +/-mice is the result of impairment of the outer hair cells, classified as the sensory type of presbycusis, and that BCL11B activity is required for the maintenance of outer hair cells and normal hearing. However, many questions remain. For instance, how does BCL11B protect outer hair cells and hearing function against aging? A target of BCL11B transcription factor is p27 [16] and p27 -/-mice exhibit hearing loss [17] . However, p27 was not expressed in the outer hair cells though it was expressed in nearby supporting cells (data not shown).
The effect of the Bcl11b heterozygous deletion on AHL was less in BALB/c mice than B6 mice, reflecting their different genetic backgrounds. This suggests the involvement of one or more genetic loci responsible for AHL susceptibility other than the Bcl11b locus, though the relevant genetic difference between the two mouse strains is unknown. B6 mice carry at least two alleles (Cdh23 ahl and Ahl3) that promote AHL and sensory hair cell loss whereas BALB/c mice are only known to carry the Cdh23 ahl allele [14, 22, 23] . Cdh23 encodes cadherin 23, a component of the tip links joining adjacent stereocilia at the top of sensory outer and inner hair cells [25, 26] . Its null mutation causes congenital deafness in mice and humans accompanying degeneration of the stereocilia of outer and inner hair cells [2, 3, 7, 30] . Bcl11b and Cdh23 are both expressed in outer hair cells and affect AHL but their relationship with the development of AHL is unclear. Mechanical stress is a factor affecting AHL, and genetic variation affects the range of individual susceptibility to mechanically induced acoustic trauma [6] . In fact, the Cdh23 ahl susceptible allele renders mice more susceptible to noise-induced hearing loss than strains that do not carry this allele [8, 29] . We tested the effect of Bcl11b heterozygosity on cochlear vulnerability to acoustic energy exposures in B6 and BALB/c mice. However, no difference was detected between Bcl11b
and Bcl11b +/-genotypes in either mouse strain. This suggests that Bcl11b heterozygous deletion or probably the AHL-susceptible Bcl11b +/-outer hair cells do not contribute to the vulnerability to acoustic energy exposures. Hence, involvement of Cdh23 and Bcl11b is different in noise-induced hearing loss.
In conclusion, Bcl11b heterozygosity leads to a progressive age-related hearing loss in mice. Though details of BCL11B mutations and polymorphisms in humans are not known, this locus may possibly affect presbycusis in humans.
